Introduction
Laser-induced fluorescence imaging is a nonionizing, harmless, and highly sensitive diagnostic procedure that is emerging in many different medical fields as a noninvasive technique for disease imaging and tissue characterization. Important applications for fluorescence imaging and fluorescent dyes as contrast agents are the recently developed methods for detection of rheumatoid arthritis, 1 optical mammography, 2 and intraoperative imaging in surgery 3 in which reasonable improvements in equipment technology and image algorithms for analysis have been achieved during the last several years. For planar and tomographical optical imaging of the breast, wavelengths in the range between 700 and 900 nm are used for deeper tissue penetration of diffusing photons up to several centimeters. 4 In this optical window of tissue, the absorption by the major intrinsic chromophores hemoglobin and water shows lowest values. 4 Indocyanine green (ICG) is meanwhile established as imaging agent in ophthalmology, surgery, and inflammation imaging, 1-3, 5, 6 but remains without a reasonable clinical follow-up candidate until today.
The potential of fluorescent conjugates with antibodies, 7, 8 small peptides, 9 and macromolecules 10 or enzymatically activatable fluorescent probes 11 was demonstrated in numerous studies using sensitive fluorescence imaging techniques in experimental tumor models. However, beside the known disadvantages of possible allergic reactions, tumor physiology and changed receptor or enzyme status during tumor development, 12, 13 these probes are of a rather complicated chemical blueprint, making it difficult and expensive to thoroughly assess the toxicological profile of both parent compound, as well as metabolites and degradation products.
Accordingly, the application of hydrophilic low molecular weight compounds of high tolerability, as used in computer tomography (CT) and magnetic resonance imaging (MRI) imaging, might offer a feasible alternative. Iodinated contrast media showed a good potential in the differentiation between benign and malignant breast lesions in clinical trials with CT. 14, 15 Dynamic gadolinium-diethylenetriamine penta-acetic acid (Gd-DTPA) enhancement in tumors has been successfully used in nonionizing MRI mammography as valuable and reliable parameter for breast lesion differentiation. 16, 17 The amount of early tumor enhancement is used to increase the sensitivity, whereas the temporal pattern of contrast media enhancement can be used to increase the specificity of the method. 18 A rapid and pronounced enhancement within the first 1-2 min followed by a faster washout of Gd-DTPA compared to normal tissue are considered to be an indicator for malignancy. A weaker and sustained enhancement over time is possibly an indicator for inflammatory disease.
It is obvious to consider the pharmacological profile of the low molecular weight dye ICG in the light of other small contrast agents. However, ICG has properties different from agents, such as Gd-DTPA. It is strongly bound to plasma proteins, shows negligible extravasation, and is rapidly taken up by the liver. [20] [21] [22] Therefore, plasma levels are falling within minutes after intravenous (i.v.) administration to low values.
In order to alter the pharmacokinetic behavior of ICG for a possible improvement in imaging applications, we adapted the physicochemical properties from known x-ray and MRI contrast agents 23, 24 for the design toward biological inert hydrophilic low-molecular-weight cyanine dyes. For the dye 1,1 -bis-(4-sulfobutyl) indotricarbocyanine-5,5 -dicarboxylic acid diglucamide monosodium salt (SIDAG), this could be achieved similarly to x-ray agents by decorating the structure with hydrophilic polyhydroxy residues, thereby leading to the first sugar-derivatized cyanine dye described. [25] [26] [27] Although the physically effective chemical cyanine entity is of a completely different chemical structure when compared to a paramagnetic DTPA complex moiety or a triiodinated aromatic x-ray absorber, the exterior structural modifications with hydroxyl groups and anionic charge are similar, thus attributing comparable physicochemical properties to the entire molecule. These are a low partition coefficient and low plasma protein binding, which is expected to translate in vivo into an increase in tolerability 28 while exhibiting an altered contrasting profile. 29 The objective of this study was to investigate the acute tolerance of the dye SIDAG compared to ICG in mice and to elucidate the pharmacokinetic and elimination characteristics of both dyes in a rat model. Additionally, we evaluated the ability of both dyes, how to improve contrast in reflection images for in vivo tumor visualization using a sensitive fluorescence imaging device.
Materials and Methods

Cyanine Dyes
The indotricarbocyanine dye SIDAG was synthesized and prepared as a lyophilized powder with a purity of 98% as described earlier. 25 For in vivo experiments lyophilized dye SIDAG was dissolved in sterile 0.9% sodium chloride (Braun Melsungen, Germany). The reference substance ICG was purchased as ICGPulsion R from Pulsion Medical Systems (Munich, Germany). Test solutions of dyes were prepared directly prior to use. The chemical structures are shown in Fig. 1 . The dye concentration in solution was adjusted by determination of sulfur content using an ion-coupled-plasma-absorption-emission spectroscope (ICP-AES ARL 3560 B ICP Analyzer, Nicolet ARL, Offenbach, Germany).
Acute Tolerance
Acute tolerance was tested after single intravenous injection in male Naval Medical Research Institute mice (Bayer Schering Pharma AG) of 18-22 g weight. ICG served as reference. The contrast media were injected at various doses into a tail vein of up to two animals per dose. The behavior of the animals and the lethality was monitored for seven days post-injection (p.i.).
Pharmacokinetics
The plasma levels and elimination characteristics of SIDAG and ICG were compared using three Han-Wistar rats of 200 g Blood samples containing a mixture of 400 μl blood and 300 μl 0.9% NaCl/Liquemin were centrifuged for 10 min at 3500 rpm. (Biofuge A, Hereaus, Hanau, Germany). The resulting supernatants, and plasma samples were stored at -70
• C for further measurements. Samples of bile and urine were collected via catheters in the ductus choledochus and bladder at 15, 30, 60, 90, 120, 150, and 240 min after dye administration and stored at -70
• C for further measurements. During the experiments, the body temperature of anaesthetized animals was kept constant at 38
• C using a heating pad. The dye concentrations in plasma, bile, and urine samples were determined photometrically using a Lambda 2 spectrophotometer (Perkin Elmer,Überlingen, Germany). Prior to measurements, plasma samples were incubated for 1 h at 55
• C in a water bath. Denatured proteins were removed by centrifugation for 60 min at 13 × 10 3 rpm in an Eppendorf centrifuge. An aliquot of the plasma sample was diluted with water, and an absorption spectrum was measured against water as a reference. Samples of bile and urine were centrifuged for 15 min at 13 × 10 3 rpm and diluted with water. Spectroscopic measurements were performed as described earlier. Dye concentrations were calculated using the extinction coefficients in the corresponding media, which were determined separately for each experiment. The following pharmacokinetic parameters were calculated using the software package TOPFIT (version 2.1ß, Thomae GmbH, Gödecke AG, Schering AG, Germany) plasma half-life in the distribution phase (t (1/2)α ), terminal half-life (t (1/2)β ), volume of distribution (V c ), the volume in steady-state(V ss ), the blood clearance (clearance), and the estimated concentration at time 0 (C 0 ).
Tumor-Bearing Animals
Mammary tumors were chemically induced in six female rats at an age of 55 ± 3 days by single intravenous administration of NMU (Sigma, Germany) dissolved in physiological saline at a dose of 50 mg/kg. Injection volume was adjusted to 1.5 ml per 200-g rat. Tumors developed within six to eight weeks after chemical induction at one or multiple sites at the milk ducts of the animals. To reduce autofluorescence in the animals caused by normal food, animals were fed with a Mn-free diet for 10-14 days prior experiments. For imaging experiments, both lateral and ventral part of the rat bodies were shaved uniformly in order to compare tumor fluorescence to the surrounding normal tissue.
All animal experiments have been approved by the Senator für Gesundheit und Soziales, Berlin, Germany. Care and management of the animals were in compliance with the European Community guidelines.
Fluorescence Imaging
An experimental setup adapted from Ref. 27 was used for in vivo fluorescence imaging of tumor bearing animals and is shown in Fig. 2 . An optical parametric oscillator (OPO, GWU-Lasertechnik, Erftstadt, Germany) with β-BaB 2 O 4 as the nonlinear medium, pumped by the third harmonic (λ = 355 nm, E pulse = 100 mJ) of a Q-switched Nd:YAG laser (GCR-230, Spectra-Physics Inc., Darmstadt, Germany), provided laser radiation tunable between 410 nm and 2.2 μm. The energy and the duration of the output pulses at λ = 740 nm amounted typically to 1 mJ and 3 ns. The laser beam was coupled into a 600-μm hard clad silica fiber. The fiber was scrambled, and the output side was kept nearby the objective at a distance that provided an illuminated area of ∼200 mm diam. Two long-pass filters were used (λ 50% = 750 nm, λ 50% = 800 nm) to cut off scattered excitation light. The fluorescence was imaged using a cooled, intensified charge-coupled device (CCD) camera (Model ICCD-576, Princeton Instruments Inc., Trenton, New Jersey) equipped with a standard lens of 50 mm focal length. In order to record fluorescence images synchronized to the laser pulse, the intensifier of the CCD camera was gated by an electrical pulse (-80 V) of ∼20-ns duration derived from a high-voltage (HV) pulse generator. The HV pulse generator was triggered by a pulse provided by the power supply of the Nd:YAG laser and appropriately delayed by means of a digital delay generator. Because of the small fluorescence decay time of cyanine dyes (∼300 ps) compared to tissue autofluorescence (∼3 ns) prompt fluorescence images have been detected. The aperture and exposure time were varied to determine the fluorescence intensities in tumors and normal tissues at different time intervals after administration. • C with a heating pad.
Data Processing and Image Analysis
Fluorescence images were stored and analyzed using the WinView TM software (Princetown Instruments Inc., Trenton, New Jersey). In order to calculate tumor-to-tissue contrast, the fluorescence intensities of tumor and surrounding normal tissue were determined using statistic functions of the WinView software. The resulting mean fluorescence intensities were corrected for aperture and exposure time. The fluorescence intensities of tumor tissue were normalized to intensities taken from contralateral regions, if possible, or from surrounding normal tissue.
Results
Acute Tolerance
The results of acute tolerance and of approximate LD 50 are summarized in Table 1 . For ICG, the acute tolerance in mice was estimated to be in the range of 62 mg kg − 1 . On the contrary, the hydrophilic dye SIDAG possesses a much higher acute tolerance. No toxic reaction of the animals could be observed up to a dose of 5446 mg kg − 1 , the highest dose tested. Thus, the approximate LD 50 is estimated to be >5446 mg kg − 1 .
Pharmacokinetics
Plasma levels and elimination characteristics of SIDAG were studied in a rat model in comparison to ICG. Plasma levels of the reference compound ICG were decreasing immediately after dye administration (Fig. 3 ). An ICG concentration of 0.62 ± 0.2 3 mg ml − 1 ICG, corresponding to 1.3 ± 0.5% of the injected dose, was measured 30 min after dye administration. The half-life time of elimination of ICG was determined to be 25 ± 17 min. The distribution of ICG in the vascular space was indicated by V c with 64.4 ± 7.2 ml/kg (Table 2) . ICG was eliminated via the hepatobiliary pathway, with 82 ± 5% of the injected doses being found in the bile 4 h p.a. No ICG was found in the urine of the animals (Fig. 4) . Plasma levels for SIDAG found after the distribution phase of SIDAG were 4.36 ± 0.33 mg ml − 1 , corresponding to 6.4 ± 0.4% of the injected dose at 30 min p.a. (Fig. 3) . The half-life time of plasma elimination of SIDAG is 89 ± 15 min, thus 3.6 times longer compared to ICG. Plasma levels fall biexponentially to lower levels (Fig. 3, inset) . The volume of distribution of SIDAG is in the range of extracellular water with a value of V c = 137 ± 11.1 ml/kg ( Table 2 ). The main part (68 ± 10%) of the injected dose measured at 4 h p.i. in the urine of the hydrophilic cyanine dye SIDAG is predominantly excreted via the renal pathway. Only negligible amounts of 0.8 ± 0.4% of the injected dose of SIDAG were found in the bile after dye administration (Table 2 and Fig. 4 ).
Fluorescence Imaging
The fluorescence imaging properties of SIDAG were evaluated in comparison to ICG in six animals with NMU-induced breast tumor-bearing rats, three for each dye. The autofluorescence background of tissue before injection of contrast media in the near-infrared region is generally low. Tumors could not be distinguished clearly from surrounding tissue before dye administration in the fluorescence images. The intensity of fluorescence background of tumor tissue was slightly lower than that of normal tissue. The fluorescence ratio of tumor region to the contralateral region of the animal for the groups investigated with SIDAG and with ICG was determined to 0.86 ± 0.10 and 0.93 ± 0.10, respectively. A typical sequence of fluorescence images after ICG administration is shown in Fig. 5 . A 125-fold increase in average fluorescence intensity was observed 1 min postinjection of ICG in tumor tissue and 113-fold increase in normal tissue compared to autofluorescence background. A decrease of fluorescence intensity both in tumor tissue and normal tissue was found at 10 min p.i., followed by a further decrease toward baseline levels at 1 and 24 h. At 24 h p.i., fluorescence intensity of normal tissue has reached nearly background levels. Already at 1 min after ICG administration, the highest fluorescence intensities were found in the liver region of the animals followed by a further increase in this region at 10 min and 1 h p.i. At 24 h, the highest fluorescence intensities were found in the liver region and in the gastrointestinal tract of the animals. NMU-induced breast tumors could only marginally be demarcated from surrounding normal tissue after injection of ICG, shown quantitatively by tumor-to-normal tissue ratio of 1.13 ± 0.07 at 1 min p.i. (Fig. 6) . A typical sequence of fluorescence images using SIDAG is shown in Fig. 7 . The increase of fluorescence intensity 1 min p.i. of SIDAG was about 197-fold for tumors, whereas in normal tissues a 126-fold increase was observed [ Fig. 8(a) ]. The fluorescence intensity in both tumor and normal tissue reached the maximum at 10 min p.i. and decreased subsequently as indicated by lower absolute values at 1 h and 24 h p.i. At 24 h p.i., fluorescence levels were slightly higher than baseline levels for ICG and clearly higher for SIDAG, as shown in Fig. 8(b) . With the use of SIDAG, tumors could be clearly separated from surrounding normal tissue 1 min p.i. with intensity ratios between tumors and normal tissue of 1.33 ± 0.14. Tumors of multiple size and at different locations could be detected as shown in Fig. 7 . With ongoing time, tumor contrast decreased slightly at 10 min. Again at 24 h p.i., a high ratio between tumors and normal tissue of 2.78 ± 0.17 was observed with clear tumor delineation (Fig. 7) . 
Discussion
The application of contrast agents for diffuse optical imaging may contribute to improve the diagnostic potential of this noninvasive method. The dye ICG is clinically approved for mi- crovascular imaging and angiography, and currently finds increased application in surgery 3 and lymphatic imaging using optical techniques. 30 The fast plasma clearance caused by rapid liver uptake challenges imaging performance, which requires fast systems capable of monitoring the rapidly changing concentration of the dye after administration. Higher contrast may be obtained if concentrations of >0.5-mg/kg body weight (b.w.) are applied. 31 Kamisaka et al. 31 could show, using Sephadex G-200 column chromatography, that the binding pattern of ICG to plasma proteins is concentration dependent. If a low dose 0.5 mg/kg b.w. is applied, ICG will be mainly bound by high molecular compartments (ß-lipoproteins, α 2 -macroglobulin). A clear binding to albumin is evident only for high doses of ICG. We modified the physicochemical properties of the lipophilic indotricarbocyanine dye backbone of ICG toward a dye molecule with a low partition coefficient and low plasma protein binding, possessing a much higher hydrophilicity. As a result of these efforts, the hydrophilic dye SIDAG showed stable absorption and fluorescence properties independent of physiological environment and favorable for optical imaging. 25, 29 In this study, we determined the approximate acute tolerance, evaluated the pharmacokinetic behavior and elimination characteristics of SIDAG, and performed tumor imaging experiments using a sensitive fluorescence imaging device in comparison to ICG.
In order to estimate the tolerability of SIDAG, the acute tolerance was determined in a small number of animals per dose, giving a rough estimate for the approximate LD 50 . ICG showed an approximate LD 50 in the range of 62 mg kg − 1 , which is close to the reported LD 50 in mice of 60 mg kg − 1 .
32
The hydrophilic dye SIDAG showed no signs of toxicity up to the highest dose tested of 5446 mg kg − 1 . Assuming a diagnostic dose of 2.18 mg kg − 1 , the dye concentration of SIDAG is 2500 times below the LD 50 value. Compared to the margin of safety of 40 for ICG, this means a 62-fold increase in safety range using the more hydrophilic dye SIDAG. Generally, contrast media development with decreased plasma protein binding and lower liver uptake is often associated with an increase in tolerability. This can be explained by a considerable lower interaction of the contrast media molecule with important enzymes and receptor systems, thus possessing a more inert pharmacological profile as is highly desired for a specific diagnostic molecule. 25, 26 Similar to the common contrast agents in x-ray and MRI imaging, we could also verify for the class of cyanine dyes, that extremely high doses are tolerated when the molecule exhibits comparable physicochemical properties.
The pharmacokinetic behavior of both dyes was studied in a rat model that facilitates the determination of plasma levels, renal and biliary elimination in the same animal at the same time interval. For ICG, the known profile with intravasal distribution volume, rapidly falling plasma levels, and exclusive excretion via the hepato-biliary pathway was observed. Intravasal distribution of ICG was accompanied with a high plasma clearance due to the rapid liver uptake. As a result of hydrophilic derivatization, a different pharmacokinetic profile was observed for SIDAG. The distribution of SIDAG is extravascular with distribution volumes in the range of the extracellular water. The elimination from plasma is 3.8 times slower than for ICG with a clearance of 3.2 ml min − 1 kg − 1 . Because SIDAG interacts with plasma proteins only to a negligible extent, 25 it is therefore accessible to glomerular filtration in the kidneys, thus shifting the elimination characteristics of the dye to renal elimination. The pharmacokinetic data of SIDAG are in the range of data known from MRI contrast media, 33, 34 compounds with comparable physicochemical properties.
The distribution of fluorescence intensity of the dye SIDAG and of ICG was studied in tumors and normal tissue in vivo with a sensitive fluorescence imaging device. For the interpretation of fluorescence images, it is important to note that the fluorescence intensity emitted from tumors close to the surface appears much higher if compared to deeper laying tumors of the same size. However, under the same morphological conditions using comparable animal models, different contrast agents can be compared with respect to tumor enhancement as demonstrated in various studies. [7] [8] [9] [10] [11] The fluorescence images of the animals in reflection geometry showed a visible but low autofluorescence in the near-infrared range. The fluorescence intensity of tumor tissue 1 min after administration of ICG or SIDAG was increased by a factor of 125 (ICG) or 197 (SIDAG) above the autofluorescence value.
During the course of imaging, larger tumors could be delineated with ICG only at 1 min p.i. according to the pharmacokinetic behavior. The quantitative image analysis showed a signal increase in tumors at 1 min after ICG administration. In accordance with the rapid liver uptake, absolute fluorescence levels fell rapidly to baseline values. Because of the faster metabolism in the rat, the time to yield sufficient enhancement in tumors for ICG-albumin complexes may not be sufficient to cope with rapid liver uptake. The highest fluorescence intensities after ICG administration were found in the liver region and, at later time points, in the gastrointestinal tract in agreement with the elimination characteristics of the dye. Nevertheless, ICG was used successfully to delineate spontaneously growing mammary tumors in canines 6, 29 and in a patient study using diffuse optical mammography. 35 In the latter, the enhancement curve of ICG in the tumor region, previously localized with Gd-DTPA enhanced MRI, showed an enhancement factor of 2:1 between tumor and normal breast tissue. The fast clearance of ICG generally limits the time available during the vascular circulation for timeconsuming imaging procedures. However, fast and immediate imaging investigations, such as in joint imaging 1, 36 could benefit from a rapidly collapsing background. Here, kinetics has shown to provide helpful information on diseases involving disturbed microvasculature, such as inflammatory diseases.
In contrast to these findings, the low molecular hydrophilic dye SIDAG showed a much stronger signal enhancement in tumor tissue yielding a sufficient contrast for tumor delineation in the rat breast tumor model used. Because of its low plasma protein binding and its low molecular weight, SIDAG can diffuse rapidly through pores of altered tumor vessels and can thus reach deeper regions of tumor tissue in a shorter time. The enhancement factors between tumor and normal tissue are comparable to factors reported in other studies using SIDAG with 1.78 (Ref. 25 ) and 1.9. 26 Transferred to the situation in human patients and in analogy to the findings using x-ray and especially MR contrast media with comparable physicochemical and pharmacokinetic profile, strong contrast enhancement could be expected. For x-ray and MR contrast media, values of 2:1 up to 10:1 were reported. 15, 17 A high enhancement is of special advantage when smaller lesions in the range of the spatial resolution of diffuse optical mammography will be evaluated to increase the sensitivity of the method.
The mechanisms producing the high fluorescence contrast at 24 h p.i. using SIDAG in our rat tumor model is not known. One could speculate that this enhancement is caused by the sugar molecules used to increase the polarity of the dye molecule. The high fluorescence contrast at late time points could be confirmed in a variety of tumor xenografts of nude mice using SIDAG (data not shown) as well as in other rat mammary tumor models. 29 Furthermore, Wall et al. demonstrated a correlation between contrast and vascular endothelial growth factor (VEGF) expression levels. 29 These findings imply a certain molecular specificity not yet elucidated on a structural level. Analysis with near-infrared (NIR) fluorescence microscopy of freeze sections of tumor tissue showed NIR fluorescence in connective tissue and necrotic areas of tumors rather in areas of vital tumor cells. 37 The observed late (24 h) tumor contrast is mainly based on the decrease of the general dye background in the animal and a small deposited portion of dye in the tumor region. Nevertheless more dye concentration dependent studies are necessary to reveal the underlying mechanism for the late contrast enhancement.
Quantification of dye concentration in diffuse optical mammography was demonstrated by Ntziachristos et al. 35 and Hagen et al. 2 thus leading the way to follow time-dependent fluorescence enhancement of cyanine dyes in tumors. The timedependent fluorescence enhancement of tumor tissue can be used for characterization of a lesion and thereby use optical imaging as a surrogate, 29 a method already successfully applied in contrast-enhanced MR mammography. 18, 19 In conclusion, the use of low doses of low molecular weight dyes with a favorable pharmacologic profile in combination with quantitative diffuse optical imaging seems to be a feasible approach to increase the diagnostic potential of this technique. The thorough pharmacological and toxicological characterization of dyes of simple structure beyond its sole performance in imaging models might provide a key step toward further developments for clinical application, which is challenging when the chemical and metabolic fate and long-term safety of the probe remains unclear and difficult to assess in the details required today.
